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Differential cross section data for γp → K+Σ0 has been measured at the BGOOD experiment
for extremely forward angles. A three quarter drop in strength over a narrow range in energy and
strong dependence on polar angle is observed at a centre of mass energy of 1900 MeV. Residing close
to multiple open and hidden strangeness thresholds, the kinematics are consistent with threshold
effects and exotic structure which may contribute to the reaction mechanism.
PACS numbers: 13.60.Le,25.20.-x
Recent discoveries of exotic “multi-quark” hadronic
states which are inadequately described as constituent
three and two valence quark systems, has challenged our
understanding of the degrees of freedom afforded in QCD.
This includes for example, in the charmed sector, Pc states
at LHCb [1], XYZ mesons at numerous facilities [2] and
in the light ud sector, the d∗(2380) at COSY [3]. Descrip-
tions of multi-quark states have existed however since
the conception of quark models [4–6], and due to the
proximity of the chiral symmetry breaking scale to the
nucleon mass, it is possible that light mesons interact as
elementary objects, giving rise to molecular systems and
meson re-scattering effects near thresholds [7, 8]. Indeed,
models including meson-baryon interactions and dynami-
cally generated states [9–14] have had improved success in
describing nucleon excitation spectra. In the strangeness
sector, such states [15–17] may have been observed in
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K0Σ+ photoproduction at the K∗Y thresholds [18–20],
where equivalent models [21] were able to describe the
PC(4450) and PC(4380) states. The Λ(1405) is also con-
sidered a molecular K¯N state to some extent [14], which
is also supported by Lattice QCD calculations [22].
The study of extended, loosely bound systems derived
from meson-baryon interactions requires minimal momen-
tum transfer kinematics. For fixed target photoproduction
experiments, access to forward meson angles is therefore
crucial. This letter presents forward angle γp → K+Σ0
cross sections measured at the BGOOD experiment [23] at
the ELSA electron accelerator facility [24, 25]. A strong
cusp-like drop in strength is observed at extremely for-
ward angles at a centre of mass energy of 1900 MeV. The
kinematics and close lying thresholds may be indicative
of exotic structure manifest in the reaction mechanism.
BGOOD is composed of a Forward Spectrometer for
charged particle identification over laboratory frame po-
lar angles 1◦ to 12◦. This is complemented by the BGO
Rugby Ball, an almost 4pi central calorimeter ideal for
photon detection with sub-detectors for charged parti-
cle identification. The experimental conditions and K+
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2identification are described in refs. [23, 26].
The data were taken over 22 days using an electron
beam energy of 3.2 GeV and a 6 cm long liquid hydro-
gen target. The electron beam was incident upon a
thin crystalline radiator to produce an energy tagged
bremsstrahlung photon beam which was subsequently
collimated. The photon beam energy, Eγ , was de-
termined per event by momentum analysing the post
bremsstrahlung electrons in the Photon Tagger. K+ were
identified in the Forward Spectrometer via momentum and
β determination. The photon from the decay Σ0 → Λγ
(labelled γ′ herein) was required to be identified in the
BGO Rugby Ball. Photons were rejected as γ′ candidates
if the invariant mass of combinations of two photons was
consistent with the pi0 mass. The missing mass to the
K+γ′ system was determined for remaining γ′ candidates
and the photon where this was the closest to the Λ mass
was identified. The four momentum of the γ′ was then
boosted into the rest frame of the Σ0. Figure 1 shows
the γ′ energy in this frame, where the peak at 74 MeV is
consistent with the expected two body decay momentum.
Background is predominantly from misidentified photons
and neutrons from K+Λ, and other hadronic interactions
where pi+ are misidentified as K+. Two datasets were
obtained, applying either a one or two sigma selection over
the peak (69 to 79 MeV or 62 to 86 MeV respectively).
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FIG. 1. γ′ energy in the Σ0 rest frame, with a peak consistent
with the expected energy from the Σ0 → Λγ decay. Simulated
spectra from K+Σ0, K+Λ and ∆0pi+ are fitted to the data.
The remaining candidate events were rejected if charged
and neutral particle multiplicities exceeded either decay
modes: Σ0 → γΛ→ γ(pi0n) or γ(pi−p).
The missing mass recoiling from forward K+, after the
γ′ identification is shown in Fig. 2. A fit was made using
spectra from simulated K+Λ, K+Σ0 and K+Σ0(1385)
events. Simulated K+Λ(1405) events were not included
due to the mass degeneracy to the Σ0(1385). An addi-
tional combined e+ and pi+ background was also included
in the fit. The e+ are from pair production in the beam
in random coincidence with hardware triggers and the pi+
from other hadronic reactions. These distributions were
generated by an equivalent analysis identifying negatively
charged particles, where the e− and pi− distributions are
the same. The 1σ γ′ selection gave a lower yield of events,
however an improved signal to background ratio. For
the 2σ γ′ selection above Eγ = 1530 MeV, the integral of
the background exceeded the signal. To avoid additional
systematic errors, the 2σ data was used below 1530 MeV,
and the 1σ data above. The detection efficiency shown
in fig. 3 was determined using Geant4 [27]. This includes
the loss of approximately 50% K+ decaying mid-flight.
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FIG. 2. Missing mass recoiling from forward K+ candidates
after a 2σ γ′ identification for different labelled Eγ . The
spectra are fitted with simulated K+Λ, K+Σ0, K+Σ0(1385),
and e+/pi+ background (red, green, magenta and cyan lines
respectively, labelled in the top left panel). The blue line is
the summed total fit.
1000 1200 1400 1600
 [MeV] γE
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
D
et
ec
tio
n 
ef
fic
ie
nc
y
’ selection γ σ2
’ selection γ σ1
(a)
0.92 0.94 0.96 0.98
K
CMθcos 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
(b)
 = 1627 MeVγE
 = 1558 MeVγE
 = 1397 MeVγE
 = 1263 MeVγE
 = 1183 MeVγE
FIG. 3. Detection efficiency for: (a) cos θKCM > 0.9 versus
Eγ using either the 1σ or 2σ γ
′ selection (red triangles and
blue squares respectively). (b) Versus cos θKCM for selected
photon energy intervals for the 2σ γ′ selection (labelled inset in
descending order of both beam energy and detection efficiency).
The connecting lines are an aid to guide the eye. Colour online.
Systematic uncertainties are the same as described in
ref. [26] and are divided into two components. The scaling
3uncertainty is a constant fraction of the measured cross
section. The dominant sources of this are the photon
beam spot position and the photon flux normalisation,
both estimated as 4 %. The uncertainty in the γ′ iden-
tification was determined by comparing the differential
cross section for both the 1σ and 2σ γ′ selection, shown
in Fig. 4. The fitting uncertainty arises from extracting
the number of events from the missing mass spectra and
permits the individual movement of data points. This
was determined by additionally including simulated ∆0pi+
events in the background distribution. A steeply rising
uncertainty towards higher energies was determined, with
approximately 4 %, 8 % and 28 % at Eγ = 1400, 1500 and
1600 MeV respectively.
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FIG. 4. Differential cross section for cos θKCM > 0.9 using
either the 1σ or 2σ γ′ selection (red triangles and blue squares
respectively). The green circles are the difference.
The K+Σ0 differential cross section for cos θKCM > 0.9
is shown in fig. 5. Our new data provide the highest
statistics from threshold to W = 1970 MeV, enabling
a discrimination between conflicting previous datasets.
There is generally good agreement to the CLAS data of
Bradford [28], whereas the CLAS data of Dey [29] appears
higher by approximately 20 % and the SAPHIR data of
Glander [30] somewhat lower. Figures 6 and 7 show the
differential cross section in 0.02 cos θKCM intervals versus
cos θKCM and W respectively. The drop at W = 1900 MeV
is consistent with previous data sets, where it was regarded
as a peak-like structure. Numerous PWA and isobar
model solutions attributed this to D13(1895), S31(1900),
P31(1910) and P13(1900) [31–34] for example, but with
no firm agreement. The statistics and cos θKCM resolution
of this data allow a “cusp-like” structure to be resolved
at this energy, that was difficult to confirm prior. As is
shown in fig. 7, this cusp-like structure becomes more
pronounced at the most forward angle interval, cos θKCM
> 0.98, where there is a reduction of approximately 70 %
over a 30 MeV range. At the most backward intervals,
the cusp is difficult to discern, starting to only become
visible around 0.94 <cos θKCM < 0.96.
The Bonn-Gatchina BG2019 solution [35], which is
largely constrained by the CLAS data, gives a reduced χ2
of 6.03 when compared to this data (the cyan line in figs. 5,
7 and 6). After including this data and optimisations,
a notable improvement of the reduced χ2 to 2.08 was
achieved (the magenta line), with no significant changes
to the fit occurring at more backward cos θKCM covered
by the CLAS data, as can be seen in fig. 6. Additional
resonant contributions were iteratively included to test
for further improvements. A ∆(1917) with J = 5/2−
and a relatively narrow width of 59 MeV gave the best
improvement to this data (not shown in the figures), how-
ever only influencing the most forward data points. The
fit to the CLAS data was not significantly affected and
this state has not been observed elsewhere. This is by no
means settled however, and other factors could mimic this
contribution. Further measurements, including single and
double polarisation observables and analysis of other chan-
nels are required for a firm statement on including this
resonance. The significant changes to the PWA solution
however, given the comparatively small range of kinemat-
ics of this data, demonstrate the importance of forward
angle coverage. The high angular resolution ensures that
this data is particularly sensitive to high spin resonances
due to contributing Legendre polynomials changing very
quickly with respect to cos θKCM at forward angles. In asso-
ciated strangeness photoproduction, which has often been
used to search for unobserved “missing resonances”, in
contrast to K+Λ, s-channel ∆ states can also contribute
to KΣ.
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FIG. 5. γp → K+Σ0 differential cross section for cos θKCM
> 0.90 (black circles). The systematic uncertainties on the
abscissa are in three components: The shaded blue, red and
grey bars are the scaling, fitting and summed uncertainties
respectively. Previous data of Dey et al. (CLAS) [29](blue
open squares), Bradford et al. (CLAS) [28] (red open trian-
gles), Glander et al. (SAPHIR) [30] (green open diamonds) ,
Sumihama et al. (LEPS) (orange open stars) [36] and Shiu et
al. (LEPS) [37] (peach open crosses) are additionally shown.
The Bonn-Gatchina PWA solutions [35] with and without the
inclusion of the new data are the magenta and cyan lines
respectively.
If an observed effect was derived from loosely bound
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FIG. 6. Differential cross section versus cos θKCM in intervals of 0.02 cos θ
K
CM for each W interval labelled inset in MeV. The
labelling of data points and fits are the same as in fig. 5.
structures, for example meson-baryon type multi-quark
configurations, then momentum transfer would be cru-
cial in t-channel production processes. Due to the rela-
tively large size of such objects, their formation should
be strongly suppressed if the momentum transfer signifi-
cantly exceeds the typical Fermi momenta in nuclei, which
is of the order of a few hundred MeV/c. The opposite
would be true at low momentum transfer and small me-
son production angles, where an enhancement would be
expected with a maximum at the minimum possible mo-
mentum transfer, tmin, where the meson has a polar angle
of 0◦. In addition, such structures may be associated with
anomalies in the t dependence of the production process
at small t at the order of 0.05 GeV2. To investigate this,
the Mandelstam variable, t, was determined for each W
and cos θKCM interval. Examples are shown in fig. 8 and
fitted with the function in eq. 1.
dσ
dt
=
dσ
dt
∣∣∣
t=tmin
eS|t−tmin| (1)
The differential cross section with respect to t at tmin
shown in fig. 9(a) indeed exhibits a particularly pro-
nounced drop in strength at W = 1900 MeV. It is in-
teresting to observe the slope parameter, S, in fig. 9(b).
S is positive and appears flat (although with limited statis-
tics) for approximately the first 150 MeV from threshold,
indicative of s-channel contributions. The fact that this
is over a larger W range compared to K+Λ shown in
ref. [26] may be due to both N∗ and ∆∗ resonance contri-
butions. At the cusp-like structure observed in fig. 9(a)
an anomaly develops in the slope parameter S, where it
drops at approximately 1840 MeV and turns negative, as
would be expected for a dominantly t-channel process.
This is further corroborated by inspecting the cross sec-
tion as a function of three-momentum transfer from the
photon to the recoiling baryon, q, shown in fig. 10. If
the process is dominated by the recoil momentum the
baryonic system is able to take, the cross section would
be expected to “scale” with q, with a much weaker de-
pendence on W . While it is clear by eye that there is
a W dependence in fig. 10, this seems to vanish in the
vicinity of the cusp-like structure, which can be evidenced
in fig. 10(b) at q ≈ 0.54 GeV/c.
At the cusp-like structure at 1900 MeV, there is a sharp
rise back to positive values of S, which then remains
flat. This quick change with respect to W may indicate
that a significant t-channel contribution is lost and could
be interpreted as a threshold effect, where an off-shell
contribution is produced on-shell above W = 1900 MeV.
This strong dependence on angle, and therefore mo-
mentum exchange may suggest threshold dynamics or
meson-baryon interactions playing a significant role in
the reaction mechanism. The PWA extraction of quan-
tum numbers, mass and width of the suggested ∆ does
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FIG. 7. γp→ K+Σ0 differential cross section for intervals of
0.02 in cos θKCM (labelled inset). The labelling of data points
and fits are the same as in fig. 5.
not explain the physical origin of the structure. This
cusp is close to numerous thresholds of open and hidden
strangeness, for example, K+Λ(1405), pf0(980) and pφ
at 1899, 1928 and 1958 MeV respectively. The nature of
the f0(980), which is often considered a KK¯ molecular
state, may support a threshold interaction. Alternatively,
the cusp also appears only 50 MeV lower than the φN
(ss¯) threshold. Gao, Lee and Marinov [38] showed that
via multiple gluon exchange, QCD equivalent Van Der
Waal’s forces are sufficient for bound φ-N states at the
ss¯ threshold. As was discussed in ref. [29], similar struc-
tures are evident in K+Σ− and K+Λ excitation spectra,
suggesting maybe a universal ss¯ threshold effect.
In conclusion, differential cross sections for γp→ K+Σ0
for cos θKCM > 0.9 have been measured from threshold to
W = 1970 MeV. The high statistics and cos θKCM reso-
lution resolve a cusp-like structure at W = 1900 MeV,
indicative of re-scattering effects close to multiple open
and hidden strange thresholds. The Bonn-Gatchina PWA
solution markedly improves the description of this data
via optimising KY couplings and other parameters, which
has negligible effect at more backward angles described
by previous CLAS data. The tentative inclusion of a pre-
viously unobserved narrow ∆(1917) resonance, although
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to tmin versus W . (b) The slope parameter, S versus W .
not conclusive, improves the description of the cusp-like
structure and demonstrates the importance of covering
this extremely forward angle range.
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